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1.0, INTRODUCTION

The forging of porous perforus produced by powder metallurgy (P/M)
techniques into structural components having mechanical properties
equivalent to wrought properties is a demonstrated technology. ‘The
ablli.ty to produce net or near-net surfaces with powder forging result
in wanufacturing cost savings. Previous Army-sponsored programs have
shown that powder forging can be used to produce high-performance
purts economically for wmilitary applications (Reference 1-3).

However, the flexibility of the process has been one reason for slow
implementation. Many questions regarding effects of manufacturing
variables on part quality and performance exist. It is useful to
review tne findings of previous studies, and organize these results
into a handbook~type format so that the results gained in this study
can be added to fill in anawers to quest:.ons remaining about powder

forging.
1.1. Background on Previous Army-Sponsored P/M Forging Programs

Three previous programs sponsored by the Army provide relevant
background data in this study. These programs are reviewed briefly,
with key results presented below. :

1.1.1 mMachine Gun Accelerators. ‘'[he purpose of this program was to
produce, by powder forging, a high-performance component having a
complex shape to demonstrate tnat parts having properties equivalent
to wrought properties could be produced at a cost savings. The part
selected to be torged was the accelerator for the Ms> 0.5 caliber
wachine gun. The material selected was 4640 water-atomized steel
powder. The selection of processing variables was a key facet of the
program. Test bar forging and mechanical and metallurgical evaluation
provided tne basis for process variable selection.

Test bars were compacted at pressures of 30, 40 and 50 tons per square
inchi \tsi). ‘(hese test bars were then smtered at 1sL0OF, 20500F and
24U00F in dry hydrogen or dissociated ammonia (DA) atomsphere for one
hour. Test bars sintered at the two lower temperatures increased in
density by 1 to 2 percent of theoretical, while those sintered at
240U0F increased in density by 3 to 4 percent of theoretical. Hydrogen
and DA atmospheres had similar effects on microstructure. Based on
tiwse results, preforms for forging were sintered at 2050°F for one
hour in dry nydrogen after being compacted at 12.5 tons per square
inch tons per square inch (tsi), which produced a density of 70
percent of theoretical, or at 30 tons per square inch (tsiy, which
produced a density of 85 percent of theoretical.

Test bar foryging was performed using forging pressures of 20, 30 and
40 tous per square inch (tsi), with preform preheat temperatures of
16000F, 18UUOF,200U00F and 22000F, and die preheat temperatures of
3UUOF to 35U0F. A colloidal graphite in water lubricant was applied
to the tooling. -
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Preforms were iated in argon. ‘The preforms in this case fit tightly
iuto' the die cavity, with a clearance of 5 percent of die cavity
width. Results showed that preform density had no effect on forged
density. Preforms temperature and forging pressure had a significant
etfect on density, however. Presumably because of die chill, the
preform required a preheat temperature of at least ZUUUOF, and a
forging pressure of 40 tons per square inch (tsi).

Mechanical property determination showed that property levels were
wost dependent on final forged density. Yield and ultimate tensile
strength equivalent to wrought levels was achieved at forged densities
above 98 percent of the theoretical. Ductility and toughness
equivalency required densities of at least 99.5 percent of the
theoretical, Charpy V-notch values for the P/M forgings include room
tewperature toughness of ™ 50 ft. lbs. and -400F toughness of ™ 18
ft. lbs. This is similar to the published values for wrought 4640.
Rotating beam fatigue testing showed that P/M forged 4b40 steel had a
fatigue resistance similar to wrought 4340 heat-treated to the same
hardness level. Preform density had little effect, except that
forgings from preforms of 70 percent initial density had more scatter
in properties than forgings from nigher density preforms.

Canpaction was performed in tooling with a split lower punch so that
the proper mass distribution could be achieved in the compact. Because
forging of this preform required no lateral flow, the proper mass had
to be pregsent in each section of the preform prior to forging. This
necessitated using split punches during compaction. Forging was
pertorwed with single plece punches. Based on these results, process
variables selected to forge the accelerator were a compaction pressure
of 3V tons per square inch (tsi), and a sintering temperature of
20509F for oV minutes in a hydrogen plus 1 wolume percent (v/o)
mechane atimosphere, preheating the preforms to 220U0F in hydrogen plus
1 volume percent (v/o) methane, followed by forging in trapped dies.

The tooling was preheated to 4UUOF and was lubricated by a grapnite
in water gpray. 'The forging pressure was 40 tons per square inch
(tsi), and as before, a iydraulic press was used for forging.

Mechunical properties of heat-treated test bars sectioned from
accelerator forgings showed that tensile and impact properties similar
to wrought components were achieved. Most importantly, actual
component tests under Anu{r supervision showed that P/M forged
accelerators exceeded specifications and had superior wear and
facigue resistance.

1.1.2  Differential Gears. The purpose of this program was to
establish manufacturing techniques and cost information for the
production of autowmotive-type gears for ordnance application by powder
forging (Reference 2 and 3). Phase I of the program was to define the
process parameters for producing high-performance gears. 1n Phase II,

16
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the process was demonstrated by producing 300 gears and performing a
cost analysis to examine process economics; gears were then field-
tested. The differential gear and mating pinion in the differential
of an Arny lipht-duty truck were selected as the demonstration
components. The material selected was 4600 water-atomized steel

powder.

The process selected for gear forging was cold compaction of a preform
of simple shape, sinter, and hot forge. Preforms were compacted at 30
tsi to a density range of 6.4 to b.b6 grams per cubic centimeter; a
lower compaction pressure of 20 tsi resulted in preforms that suffered
surtace cracking during forging. Compacts were sintered at 22000F for
6V minutes in dry hydrogen plus 1 volume percent methane. Ideally,
preforus could be forged directly as they exit from the sintering
furnace. For cases where preform preheating from ambient was needed,
preforms were heated to 22000F in hydrogen plus methane in as short a
time as possible (approximately 20 minutes). Forging consisted of
forward extrusion of bevel ygear teeth and back extrusion of the shaft
in the case of the differential gears, and forward extrusion alone of
the involute teeth for the bevel pinion. 'The tools were preheated to
4UUO-0UUOF and sprayed with graphite in water for lubrication.

Both hydraulic press and crank press forging were evaluated. 1In this
case, there was a decisive advantage to torging on a crank press. In
crank press forging, the gear teeth are completely formed at an early
stage of the deformation process, with final deformation being back
extrusion of the shaft. In hydraulic press forging, the teeth started
to ftorm tirst, but then the shaft was formed before tooth definition
was complete. After the shaft was formed, the tooth definition was
coupleted. 'This sequence of deformation is. yndesirable since the
critical region of the part is the tooth region, and this was the last
region to density and fill.

Field testing of these geurs resulted in a satisfactory performance.
Metallurgically, the powder forged steel was similar to its bar stock
counterpart. pMetal flow at the root and along tie tooth face during
tooth filling benefited the properties.

L.1.3. Couwputer-Aided Design (CAD) of Preforms. Rock Island Arsenal
sponsored a program at the University of Pittsburgh to demonstrate the
capability of designing porous preforms for powder forging using a-
computer (4). Preform design is critical to the success of the powder
forging operation because of the inherently poor workability of porous
preforms. Prior to this study, preform design involved a combination
or experience and puesswork, often resulting in high tooling costs and
lory developuent times as compaction die design changes were required.
Through computerized preform design techniques, the preform could be
designed interactively on the computer, thus eliminating much of the
trial and error associated with traditional preform design.

17




TABLE 1-1. Sumnary of Process Variables from Previous
Army-Funded P/M Forging Programs

MATERIAL: Water-Atomized 4600 + Graphite + Lubricant Addition

- Powder Size Distribution: -10U mesh with -325 mesh
: fraction being < 30 percent

-~ Particle Shape: Irregular

- Chemistry of 4600 Powder:

M M M S£ S P G 0  Fe
weight 1.6 0.3 0.2 <05 <.04 <.04 - 0.15  Bal.

percent 2.00 0.5 V.3

COMPACTION: 30 tsl to achieve at least 80 percent of theoretical
density :

SINTERING:

- Temperature: at least 2U5UOF, but 22000F is preferred
- Time: 60 minutes
- Atmosphere: -hydrogen (-200F dewpoint) plus 1 to 2 volume
' percent methane .
-dissociated ammonia is alternate
-flow rate (not specified)

FORGING:

Press Type: hydraulic (acceptable) or crank (favored)

Pressure: dependent on part shape (25 to 40 tsi for
nhydraulic press)

Preform Preheat: at least 20000F

Die Preheat: at least 3UUOF (4UUCF to 6UUOF favored)

Die Lubricant: graphite in water applied by spraying

18
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A program was developed that included a geometric description to allow
parts to be described in terms of X, Y, and Z coordinates.
Furthermore, the part could be sectioned interactively into zones for
preform design. Based on a preform shape input by the user, the -
computer would analyze the preform with regard to the part shape to
determine the success or failure in forging that particular preform.

By perforuing trial and error preform design on the computer, much
time and cost could be saved.

The CAD concept was demonstrated on a machine gun component. A
preform was desiygned using the interactive program. Tooling for
rorging was bullt, and several parts were forged successfully. As a
check, another preform shape was also forged. The program predicted
fallure for the second shape, and indeed, the second pretorm shape
cracked during forging. '

l.l.4. Background Sumwary. The findings of the previous powder
forging program are sumarized in Table I. Clearly, commercially
available water atomized 4600 grade steel powder is capable of being
processed into high-performance components. The sintering conditions
used in previous studies are more stringent than those employed for
conventional press/sinter powder metallurgy parts. Also, the use of a
hydraulic press for forging makes the selection of forging process
variables different than those selected for commercial powder forging
operations using mechanical presses. For example, 22009F is a higher
than normally used preheat temperature and was selected to compensate
for the slow ram speed of the hydraulic press. As a consequence, the
H-21 steel used for the forging dies deformed under load. In spite of
these limitaclons, the studies showed that dimensional reproducibility
could be achieved for critical shapes, and the powder-forged
components performed adequately in service for ordnance and automotive
applications.

Whlle a computer program of the type dlscussed was not available for
this study, the success of the CAD approach to preform design
iutluenced the preform and die design to be performed. Analysis of a
part by sections,where varlations in metal flow define sections,
proved to be an important aid to preform design. :

l.2. Scope of Progzram

‘The scope of this program was to build upon past experience to develop

manufacturing process data concerning powder forging of high
performance gears. Both test gears and actual components would be
forged from porous preforms and tested to demonstrate performance
capability. Gears were selected as the component for demonstration
because of the cost reduction potential of powder forging net or
near-net teeth at no sacrifice to the performance.
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2.0. PROGRAM OBJECTIVES

Te objective of this program was to investigate, characterize, and
provide for the evolution of manufacturing process routings applicable
to tne production of high-performance gears by powder metallurgy
techniques. A three-phase program was carried out to achieve this
overall goal. Both test gpears and real components were forged from
sintered steel powder preforms in this effort. These phases are
defined in the following sections. An underlying theme throughout the
program was cost reduction.

2.1. Pnase I. NASA Lewls Research Center Test Gear

A spur gear used in gear rig tests at NASA Lewls Research Center was
selected for the first phase of this program. Gears were P/M forged
from both 4620 and 4040 steel powder preforms, heat-treated and
finished, and then tested in NASA's 4 square gear testing rig. A
large data base for aerospace gear materials, including carburized
Y51V steel, already existed for this rig test.

Three major goals were to be achieved in this phase. First,

throygh-hardened gears of 4640 composition were compared to
case-hardened gears having a nominal composition of 4620 steel powder.
Second, net teeth and teeth finished by grinding were tested to
detennine any differences in performance between these teeth. Third,

the concept of using interchangeable die inserts to reduce tooli.ng
costs would be demonstrated.

Other goals of this phase were to evaluate the effect of forging
temperature on gear characteristics and tooling, and to apply
couputer-aided perform principles to preforu design.

2.2. Phase 11. AGT 1500 No. 6 Accessory Gear

‘e secorx! phase objective was to P/M forge the No. 6 accessory gear
lor cthe AGLI 1500 turbine engine used 1n the Abrams tank. CAD
techniques were to pe used for preform design. These gears were
torged using the saume die set as in Phase 1, with different punches
and die inserts being required. This gear represented an increase in
complexity of shape over the Phase 1 gear by virtue of its tooth
geometry.
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Based on the outcome oi Phase II, the next step in this process
evolution was penetration into the helicopter gear market. These
gears are very expensive due to the precision requirements, and P/M
forging offers considerable cost saving potential.

2.3. Phase 1I1. M 2 Gear

Redirection of the original program substituted a power take-off
pinion gear for the M113 personnel carrier in place of a helicopter
gear. 'The gear selected, Part No.l2298635, was a ring gear for wiich
P/M forging offered significant cost reduction potential. Again, this
gear represented an increase in complexity from the previous phase.
The thin ring wall and the tooth pgeometry, while offering cost
reduction potential, also posed workability and die chill problems to
be overcome.
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3.0.

Based

drawn:

(&)

CONCLUSIONS

on tie results of this program, the following conclusions were

Manufacturing cost unalysis showed that P/M forged gears
offered cost reduction potential compared to the cost of gears
manufactured in accordance with  current procurement
specifications. For an automated P/M forging line, the AGT
1500 No. 6 accessory pear and the M-2/M-3 power take-off gear
can be produced at a cost reduction by 75 percent and 50
percent, respectively.

P/M forging is definitely a suitable manufacturing process for
high-performance military gears. The success in forging three
widely different spur gears (i.e., NASA test geat, AGT 1500 No.
6) flexibility of the process and the capability of forging
ditficult gear sghapes trom sintered steel powder.

The exact foru of the P/M forging process and the gears depend
upoll the nature of the gear. Highly stressed gears of aerospace
quality can be powder forged, but finish grinding is necessary
to achieve the required surface finish and tolerances of
Arerican Gear Manufacturers (AGMA) qualities 10 and higher. As
the load level and AGMA quality drop, the as-forged tootn
surtfaces (i.e., net-size tooth shape) become acceptable as
long as the forging process is properly controlled.

Proper preform design by computer aided design and controi of
the forging process resulted in dimensionally accurate gears
that were free of forging imperfections. The NASA test gear
was successtully forged from sintered preforms of 4620 and
4040 steel powders. Two successful process routes were
established.

Forged AGI-150W) No. © accessary pears were successfully
produced from 4600 steel sintered preforms. The importance
of preform weight control was demonstrated. The suface finish
of the gears forged at 130UOF was superior to that of gears
forged at 22000F.

he thin ring wall and che large tooth of the M-Z power
take-off gear presented design and workability problems. Die
cniitl in cowbination witn high lateral strains caused a die
fill problem for preforms preheated at temperatures below
ZZ0U0F. At 23UUOF, die fill was improved.
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Ejection is more critical for P/M forgings than for
conventional forgings because there are no draft allowances in
the former. Special attention should be given to die design
in relation to contraction of the workpiece onto the core rod.

RECOMMENDATIOUNS

on tne results of the gear forging phases of this prog:i'am, the

following recommendations are proposed:

0o

P/M forying of gears should be designated as an acceptable
manutacturing wethod for many military gears. Automotive
gears, and many power transmission ygears can now be produced
from forged P/M steels with no reduction in part performance.

Further work should be carried out to explore the substitution
potential of forged P/M gears for machined ‘''cut" helicopter
 gears, -highly loaded transmission gears, and other precision
gears. New alloy steels and new powder types, such as
oil-atomized powder with lower oxygen levels and
chromium-bearing steel powders, should also be included.

This program only scratched the surface of implementation of
CAD to die and preform design; more emphasis should be put on
this area. The production of precision parts requires accurate
design models. 'The use of the computer must expand in these
areas for efficient production of precision nardware.

A program to establish automated manufacturing procedures for
forged P/M gears is needed to take advantage of precise control
of forging processes. Implementation of computer-controlled
forging equipment, robot transfer devices, and toolinyg produced
by CAD/CAM techniques will be needed to allow precision forging
processes to penetrate military and commercial markets to a
greater degree than they already have.

It is necessary to establish quality control proedures and
acceptance/rejection standards for use by the gear designer
to allow incorporation of forged P/M gears into critical
applications. :
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5.0, DISCUSSION

i

5.1. NASA Test Gear (Phase 1)

T standard test gear used at the NASA Lewis Researcnh Center for gear
development studies is shown in Figure 5-1. This gear is a straight
spur pear with 28 involute shaped gear teeth. Lt also has a top and
bottow hub, with a central bore. P/M forging of this gear represented
a challenge due to tight dimensional tolerances and the long, thin
tooth profile.

5.1.1. Preform Design and Production. Professor Howara A. Kuhn of
the university of Pittsburgh was contracted to design tne preform for
the NASA test gear. ‘lhe coumputer program developed previously was not
capable of designing gear preforms because axisymmetric shapes had not
been included in that development effort. However, as co-developer of
that program, Professor Kuhn was able to use the same desiyn approach
for this gear pretorm as was build into the computer program.

in order to implement CAD of preforms for future preform design tasks,
the solktware developed at the Unlversity of Pittsburghi (see Ref. 3,
was modified to run on TRW's IBM computer system. The graphics
portion of the software was modified to accept a geometric description
of the spur gears. This enhanced the original software to allow cross
sectional area and volune calculations of spur gears. Details on the
geowetric description and calculations are contained in Appendix A.

S.1.1.1. Workability Characterization. The first step in preform
design was to characterize the workability of porous preforms of 4620
ad 4040 composition. Water-atomized 460 V low alloy powder
(Hoeganaes Corporation's forging quality powder) was blended with
prupnite to achieve the desired carbon levels. Right circular
cylinders were pressed in a double acting die set to a height of 0.65
inches W.17 m) and diameter of 1.0W inches (0.U25 mwj. The
compacts were sintered at 22UU0F (12040C) in hydrogen plus 1 volume
percent mechane for one hour at temperature, to an as-sintered density
being of 80 percent of theoretical. These samples were then
-isothenmally compressed between flat dies with controlled friction
cundicions. Room tempreature comparison tests were pertorwed on a
Baldwin universal testing machine at a constant ram speed of 0.5 in/s
(U.ulsw/s).  The triction conditions examined were: rough dies,
swooth dies, suwooth dies lubricated with molybdemum disulfide grease,
and suooth dies sprayed with leflon. klevated temperature tests were
pertorued  at  L3UUOF, (JU40C), L3500F (7320C), 140U0F (76U0C),
14oU0F  (7889C), and 18UUOF (Y820C) on a specially adapted MIS
wachine at a constant strain rate of 10 per second. The friction
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conditions for elevated temperature tests were: dry rough dies, dry
swooth diles, smooth dies sprayed with graphite in water, and smooth
dies lightly coated with glass frit.

‘The fracture lines resulting from these compression tests are shown in
Figure 5-2 for 4620 preforms and Figure 5-3 for 4640 preforms.
Fracture lines were determined from surface strain measurements made at
the point of fracture. Although scatter is present, distinct
workability trends are clear. The fracture lines lie at a slope of
U.b, which is in agreement with other reported results for porous
pretonns and conventional waterial (Reference 5-7). The level of the
fracture line, indicated by tne plane strain intercept value,
Increases as the test temperature increases, as expected.  Above
l4uuwor, the workability of these imaterials is not improved
substantially by increasing the temperature. Interestingly, has
marginully better workability than 4620 at all test tewperatures. ‘the
poor workabllity of porous preforms is reflected by the low level of
these lines. For reference, low alloy steel bar used in cold forging
applications has a plane strain intercept value of 0.4 opposed to the
P/M values, which are all under v.15, in Figures 5-2 and 5-3.

5.1.1.2. Preform Design. An engineering drawing of the preform for
this gear is shown schematically in Figure 5-4. The preform is smooth
on the outside diameter, requiring that gear teeth be formed by
lateral flow during the tforging operation. A top and bottom nub are
present 1nitially so that repressing domninates hub fill and
dengitication. The hub and flange are connected by a tapered section.
A major point is that this design is based on the starting preform
having a unitoru density of 8U percent of theoretical.

In Figure 5-4(b) the position of the preform in the die cavity at the
iniciation of forging is depicted. Contact is made simultaneously
along hub and flange surfaces. As tooth fill and hub densification
occur, tie radius connecting the hub and flange does not move so that
it becowes the same radius on the forged part. No metal flow occurs
intco the mub from the flange, or vice versa, during the forging
operation, provided the initial preform density is unifona. 1In this
wanner, necal flow is concentrated in the gear tooth region, where it
is most beneficial.

5.1.1.3. Preforn Compaction in Hard ‘looling. ‘[o simulate commercial
production of these gears, a subpress was employed for powder

. consolidation. The subpress simulates double action compaction by

floating the die body on pneumatic cylinders. The subpress is shown
in Figure 5-5 installed in a 15V ton nydraulic press. Two of the air
cylinders which support the die table are visible at the front corners
of. the subpress. The compaction tooling consists of a top punch; a
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ring die, and a botton punch, as shown in Figure 5-6. The ring die
torms both the outer diameter of the couwpact and the gear section by
virtue of the integral shelf in the die body. The bottom punch is
associated with the nub portion of the preform shape.

‘The couwpaction process for this preform includes two stages. In stage
L, stop blocks are placed under the die table to restrict motion of
tie die table. This causes the wajor load enacted by the advancing
top punch to be applied to the gear section of the cowpact. When the
tull load of the press has been achieved, the compaction process is
interrupted and the stop blocks are rewoved. Downward wotion of the
press ram is reinitiated to begin stage II of the compaction process.
hNow, the die table is tree to ftloat, with downward motion occurring as
the resistance force of the air cylinders is overcome.  Downward
wotion of the die table causes the hub section ot the compact to
density, as the bottow punch remains motionless. The results of this
cowpaction process 1s that stage I sizes the gear section of tne
pretonn and stage 11 sizes and hub section of the preform. 1In
production on comnercial equipwent, these stages would occur
sbnultaneously through multiple punch motions, instead of sequentially
through the use ot an interrupted process.

5.1.2. Design of Forging Tools. The design of forging tooling for
this sctudy comprised two major areas. First, a die nest had to be
designed that dewonstrated the concept of interchangeability of
tooling cowponents. Second, the die components for the NASA test gear
had to be designed and dimensioned.

b.1.2.1. vie Nest Design. A die nest was designed tor P/M forging of
parts up to 5 inches in diameter by 2 inches in height. With
wodificacions, other sizes could be accoumodated. The die nest
consists of a 4 post nest for punch guidance, a top punch assembly, a
ring die and ring die support asseumbly, a bottom punch assembly, and
an e¢jection wechanism. ‘The die nest is shown schematically in Figure
5-7, with thwe guide posts omitted for clarity. In Figure 5-8, the die
nest is shown prior to installation in the 70U ton crank press. The
tooling wewbers that cowprise the forging or part-shaping members are
the ring die, the top punch, the bottom punch and the core rod. Each
ditlerent part torged in this nest requires a different set of forging
wenbers.  The concept of this tooling arrangement is that the nest can
e used with a wide variety of forging wembers to uwinimize tooling
costs. At the same time, the design of the die nest should allow fast
Clumige=-over trom one forging shape to another, thus winimizing setup
costs.
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5.1.2.2. Top Punch Assembly. The top punch assembly was designed to
accurately locate the top punch with regard to the ring die. The top
puach is bolted to a backer plate which is positioned by a support
ring. Notice in Figure 5-7 that provision is made for a load cell to
be mounted in line with the top punch for accurate measurement of
forging loads. Not indicated by this figure is the fact that both
lateral and rotational locations must be established and maintained.

Tiwe alignment of the top punch with the ring die is maintained by four
guide posts. 1lhis arrangement proved to be satisfactory for this
study. For more precise alignment, but at a higher tooling cost,
puidance by vertical wedges could be used.

5.1.2.3. Ring Die Assembly. The ring die is supported by a split
ring clawnp which contains two high strength steel bolts that supply
clamping pressure. The ring die support contains four horizontally
positioned cartridge heaters for control of die temperature. The
support ring was designed to provide sufficient support to the ring
die for prevention of ring die distortion. In this regard, it is not
as efficient as the use of stress rings. - For comsercial practice, one
or two stress rings should be used to provide die support, and the
split ring should be used for positioning. Also, the split ring
should include either a locking taper or a flange to prevent upward
wotion of the ring die during ejection of the forging. With repeated
forging, some vertical motion of the ring die during ejection was
experienced for simple cylindrical clamping with no taper or flanges.

The ring die assembly must mate precisely with the bottom punch
assembly for accurate alignment between top punch, ring die and bottom
punch,

5.1.2.4. pottom Punch Assembly. ‘The bottow punch assembly is perhaps
the most critical of the die nest components because of the different
functions whichi it wust perform. First, thils assembly provides
support and aligmmenc of the bottom punch. Second, it must provide
for vertical positioning of the puncn for torging thickness control.

(Note: Some presses allow positioning by a ram height location
coutrol, which eliminates this function from the bottom punch
assembly. Alternatively, hydraulic wedge packages are available for
thickuess coutrol). Third, ejection capability must be provided.

Support of the boctom punch is provided by a backer block and a
sub-backer block. These wembers are iwporcant because the bottom
punch is bolted to ejection pins which pass through the backer block
and bolt to an ejection plate. A rod connects the ejection plate to
the ejection mechanism.
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‘he sub-backer plate rests on a sliding taper plate, which in turn
rests on a tapered base plate. Adjustment screws drive the taper
plate backwards and forwards for height adjustment of the bottom
punch. This arrangement provides fine adjustment of forging
thickness.

5.1.2.5. Dbie Dbiumensioning. The dimensions of the forged part are
deternined by preform dimensions and density, the die dimensions, the
forging temperature, the die temperature, and the forging cycle time.

These variables encompass many other variables and are dependent on
wany waterial properties. The achievement of the precise part
dimensions on a repeatable basis is dependent on the degree of control
of uw P/M torgimy process in terms of temperatures and tiwes, the
mechanical and physical properties of the die and workpiece materials,
akl the repeatability of process times. ‘The interaction of these
variables is detailed in Appendix B.

For the NASA test gear, the ring die was dimensioned for forging at a
preform prelieat temperature ot 180UOF (98U°C) and a die
tewperature ot SUUOF (20U00C). The die cavity dimensional data
supplied to the toolmaker are given in Table 5-1. The process times
were unkiiown at that point and could not be taken into account for
this dimensioning. However, compensation for these unknowns was
pussible by varying the actual forging variable used. Final forging
slze was achieved by altering preform and die temperatures. For
example, if the forgings are repeatably undersize, increasing the die
temperature and/or decreasing the preform preheat temperature will
produce larger forgings. Conversely, a decrease in die temperature
and/or an increase in preforn preheat temperature will produce smaller
Ltorgings. .

.1.2.6. upie Manufacture. The forging tool members were manufactured
from H-13 die steel. Electrical discharge wmachining using a traveling
wire (wire EDM) was selected as the method for machining the gear
shape in the ring die and the punches. Wire EDM is a mmerically
controlled machining process and is capable ot maintaining dimensional
accuracy within 0.0002 inches (0.0005 mm). Accuracy of this order is
needed in the wanufacture of precision forge tools. The wire EDM
process guarantees accurate mating of punches and dies. The ring die
was macnined to the dimensions in Table 5-1. Tnhe punches were sized
to allow a clearance gap of U.002/0.004 inches (U.005/0.102 mm) per
side.

5.1.3. Forging ot NASA ‘lest Gears. Before discussing cthe actual
experimental procedures, the variables present in this powder forging
study must be defined. ‘these variables center around equipment, the
porous workpiece, and the interaction between equipment and workpiece.
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5.1.3.1  Delinition of Forging Variables. The significant equipment
used for this forging study were the press and furnace. A 700 ton
(0.2 #N) crank press with a 10 inch (0.25 m) stroke was selected as
the forging press. For preform heating and sintering, a muffle
furnace equipped with a dissociated ammonia atmosphere was selected.
This equipment is shown in Figure 5-9. The furnace mouth is adjacent
to tiw press to allow rapid transfer of hot preforms to the die -
cavity.
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TABLE o-1.

Dimensions of NASA Test Gear Ring Die Cavity
at Room Temperature for Forging of Oversize
gear Teeth.*

Nuiber of Teeth 28
Disnmecral Picch H}
Clrcular Picch 0.397 1in.
Chwordal Tooth thickuess (Ref.) U.243 in.
Pressure angle 200
ricch Diameter 3.534 in.
Major Diameter 3.819 in

Minor Diameter

5.211 in.

Root Fillet Radius 0.0oV in.

“Tip Radius

* punches have a U,

0.010 in.

VU2 in. clearance gap per side.
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Figure 5-9, Ajax 700 -Ton Crank Press and Lindbergh Atmosphere
Sintering Furnace Used for P/M Forging.
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Because wanual transfer of the ot preforus to the die cavity and
manual operation of the press were part of the process, the heater and
the press operator were other vuariables to consider.

The process sequence 1s given in Table 5-2. Variables are indicated

lor each process step. Several of the variables were assigned
predetermined values, as indicated. Reasons for these selections
lncluded commercial considerations and prior experience. The

variables which had no assigned values were examined in experimental
trials.

Prelorm temperatures over the ramnge 18UU0 to 22000F
(Y820 tu 12040C) were examnined.

‘Tool ‘lemperature = Because tool steel dies were used, the preheat
tewperature was Lield below 7009F to prevent tempering ot the dies.

However, cold tools chill the forging and produce surface porosity.

Therefore, temperatures between 3000 and 6UUCF (1509 to 3159C)
were selected for exanination.

Forying Pressure - Pressure is a consequence of die fill and flow
stress for forging in trapped dies on a mechanical press. For P/M
forying, pressures between 30 and 70 tons per square inch (tsi) (414
to 965 MPA) have been reported. For this study, pressure was not a
variable. Rather, the press was adjusted to give die fill at a given
forging temperature, within the limits of the press. Forging load was
measured, however, using strain gages on the press frame.

Time in Tooling - The time that the part is in the tooling should be a
minimm for a number of reasons, the two major ones being minimizing
heat build-up in the tooling, and minimizing distortion of the part
due to nonuniform cooling in the die. Rapid sequencing through the
forging cycle minimize this time. For this forging setup, the
¢jection system was separate from the wechanical advance and retract
of the press ram. It is manually operated, using a hydraulic cylinder
Lo raige the bottom punch and push the part from the ring die cavity.

NMwrefore, although the press sequencing was fast, the total time in
the die cavity was long compared to that of a production system due to
a slow ejection system. For example, for a production setup a total
tiwe in the tooling may be on the order ot U.l second or less. For
this setup, the total time in the tooling was at least 2 - 3 seconds.

5.1.35.2.  Experiwental Procedures. After installing the die set in
the press, sintered aluninun prefonns 90 percent dense were forged.
These were flat doughnut shapes with increasing weignt trow 95 ga to
12/ ga. ‘Me doughnuts were heated to BUUOE (4209C) and coated with
graphite lubricant. The dies were sprayed with grapnite lubricant.
Nwse trials provided data concerning press characteristics, such as
play in the load train. Web thickness of the forged shapes.
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- _Step

Powder Type
Seleccion

Compaction

Sintering

Forgiu,

‘TABLE Y-2 Powder Forginy Process Variables

Variables Present Selected Variable Values
-Production Method Water Atomized
-Initial Alloy

bistribution Prealloyed
-Particle Size

bistribution ~100 Mesh (Forging Quality)
=lubricant Zinc Stearate
-lubrication Method Die wall

~Compaction Tooling Tool Steel Dies (Hard Tooling)

-Compaction Pressure Sufticient to Densify Powder
to 80 percent of
Theoretical Density

-Atmosphere - Dissociated Ammonia
-Teuperature 2200 OF

~Time 30 Minutes at Temperature
-Press Type Mechanical

-Preform Temperature
-Tooling Temperature

-Transfer Time 8 sec.

-Forging Pressure Sufficient for bie Fill
-Time in Tooling

~Lubricant Deltaforge 31 or 33

-Post-Forging Cooling Quench in 0il
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was weasured, and the amount of die fiil was examined. Because these
were flat shapes initially, the hubs were formwed by extrusion and the
gear teeth formed by lateral flow. Interestingly, a preform shaped
similar to the one in Figure 5-4 (with a weight of 129 gm) gave the
best till and a thinner web than the lighter weipnt flat preforms.
This suggests that preforms which use selective metal flow may achieve
die till at lower press loads. However, it does not offer inforuation
concerning the degree of densification.

Eighty percent dense steel powder preforus were next tried. As in the
case of the aluminun preforming, the perform weight was initially low
ad gradually increased for each succeeding trial to awid die
problems. A sintered preforu of 304 gn was heated to 18bUOF

(lUlLOC)  and  forged tools to 2000t (Y39C). The tub filled
completely, but the gear tooth fill was incomplete. Ejection was
extremely ditficult as the forging contracted around the core rod as
it chilled prior to ejection. To circumvent this problem, the core
rod was sectioned as shown in Figure 5-10 so that a rewovable cap was
ejected with the forging. 'Ihe cap could later be removed easily from
tiww lorging and reused. After this concept was implemented, several
torging lubricants were examined, including Deltaforge 31, Deltaforge
33, Molydag, Fisk 604, Polygraf, and Ceram-guard. Of these,
Deltaforge 31 and 33 gave the best overall results from standpoints of
lubrication, uniformity of coating, and ease of application. On the
basis ol these strictly qualitative observations, Deltaforge 31 was
chosen as the priwary lubricant for the remainder of the project, with
beltaforge 33 being the second choice.

From these trials, satisfactory forgings were produced by preheating
the and tools to H5U0F (Z288VC), spraying the green (unsintered, or
as-pressed) preforms with Deltaforge 31, sintering (preheating) at
2200 OF (1204 OC) for at least 3U minutes, and Spraying the tools with
Deltaforge 31 prior to forging; 30 minutes was required for sintering,
as Lhe tooth tips cracked when the preforus were sintered for shorter
times.

A point of iluwportance concerning preform design is that forging laps
were present on each hub. These laps were caused because the twb and
gedr tooth sections were not compacted to the same densities. During
forging, the gear tooth gection reached full consolidation before the
luwb sections. ‘this resulted in wetal itlow into che twbs, which woved
the comer of the preform onto the hub. Final hwb f£ill axially
collapsed this corner to form a lap, as shown in Figure 5-11. Because
this lap does not affect the performance of this particular gear, no
steps were taken to alter the compaction practice in order to achieve
unitorm preform density. All NASA test gears contained these laps on
tlw hubs.

5.1.3.3. rForglg Triul Kesults. A series of 4620 and 4040 steel NASA

test gears with oversize teeth (U.008 to 0.01 inches grinding stock)
were torged using the above conditions.
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Figure 5-10. Segmented Core Rod Concept for Reduction of Ejection Load.
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Figure 5-11. Lap Formation (Resulting from a Nonuniform Preform Density)
on Hubs of P/M Forged Gears.
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Individual green compacts were charged at ten-minute intervals into
the iurnace for sintering/preheating. After a thirty-minute dwell at
220008 (12040C), the preforus were transferred manually to the die
cavity and forged in one blow to full shape and full density. Upon
ejection, che gear was quenched in oil to a handleable temperature,
anwd the core rod cap was removed. The core rod cap was inspected and
reused.  In between forging blows, the dies were wiped to remove
excess graphite lubricant, and torch-heated to maintain temperature.

The cartridge heaters were on continuously to help maintain a uniform
die temperature. Just prior to forging, the die cavity, the bottom
punch face, and the top punch face were sprayed with the ygraphite
lubricant. After the batch of oversize gears were forged, they were
normalized at 1o500F (YOUOC) for two hours and slow-cooled under a
dissociated ammonia atwosphere.

A preform and forged gear is shown in Figure 5-12. This gear is in

the as-torged condition with flash removed.  Although trapped die
forging is referred to as flashless forging, some flash in the form of
vertical fins does form between the punches and ring die. The extent
oL flash is a function of the preform weight in comparison to the die
cavity size, the temperature, the clearance gap between the punches
and die, and the lubrication. 7The fing were removed by hand filing.

Several of these gears were sectioned and examined metallographically.
As expected, the last regions to densify were the tootn tips where die
wall contact is last made. In Figure 5-13, the tooth tip for a
forging with incomplete die till is shown. Residual porosity is
evident at both the tip and the end of the tooth face, being most
coucentrated at the tip corner. For a fully formed gear tooth, some
residual porosity is present at the tooth tip, as shown in Figure
5-14. 'Ihis porosity is extremely difticult to eliminate. Because it
does not affect the performance of the gear, it is not necessary to
try to eliminate this trace of porosity; the critical regions of the
gear tooth, the face, and the root are free of porosity. A typical
tooth lace is shown in Figure 5-15 in the as-polished condition. No
porosity is evident. Examination of the microstructure in the etched
condition revealed the presence oi two types of inclusions. Metallic
inclusions are shown in Figure 5-16. These are rich in nickel and
probably stewm frow the original melt practice. I Figure 5-17,
clusters of ftine nonmetallic inclusions can be seen. These clusters
are silicon-containing cowmpounds, as revealed by the X-ray analysis
shown in Figure 5-18. These inclusions also originate in the melt
practice used for powder production.

Based on the outcome of these oversize pears, a set of punches and a
ring die were machined by wire EDM for frorging net gears. The room
temperature diwensions of the ring die are given in Table 5-3. The
torging conditions for achieving net teeth were as tollows.
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Figure 5-13. Residual Porosity in Underfilled Gear Tooth.
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Figure 5-16.

Examples of Metallic Inclusions in P/M Forged
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Figure 5-17.

(b)

SEM Micrographs of Nonmetallic Inclusion
in a P/M Forged L4620 Gear.
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Figure 5-18.

07-2u8-92 14.33

X-Ray Analysis of Nonmetallic Inclusion
Shown in Figure 5;]7.
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TABLE 5-3. Dimensions of NASA Test Gear Die Cavity
for Forging of Gears with Net Teeth.*

Number of Teeth 28

Diametral Pitch _ 8

Circular Pitci U.3%0 in.
Chordal Tooth Thickness (Ref.) 0.193 in.
Pressure Angle 200

Pitch Diameter 3.533 in.
‘Major Diameter 3.786 in.
Minor Diameter 3.174 in.
Root Fillet Radius 0.060 in.
Tip Radius 0.010 in.

* Punches have a 0.002 in./0.004 in. clearance gap per side.
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v die temperature of 355 to 3650F (L¥UO - 1960C)

c

preform preheat temperature of 22000F (12040C) with a 3U-minute
sintering/heating time

0 A transter tiwe of four seconds.

Tw processing window for achieving net teeth was found to be tight.
Die cemperatures above 3850F (1960C) or slow transfers ( 4 sec.)
produced oversize forgings. Die temperatures below 3550F (18U°C)
produced undersize forgings. Because four seconds was the practical
lower liwit on transfer time, excessively fast transfers did wot
occur. 1f they had, undersize forgings would have resulted. One
other facet of die temperature was die Ltill and chill. The lower
limit seewed to be 3500F avoiding ygross die chill on gear teeth and
tor achleving full cavity fill. A series of forgings of 4620 and 4640
steel powder were produced using these conditions. These forgings
were normalized following the same cycle described above.

S.1.3.4, Finishing of Test Gears. Some tinishing of these gears was
necessary prior to testing. Because of the high Hertzian stress level
oL tne NASA pear test, all gears were carburized prior to any tinish
machining. Oversize years were sized by grinding. All gears were
foryed with undersize bores. Because of the concentricity
requirements for these gears, wire EDM was used to cut the bore and
key slots after tieat treatwent and any required cooth finishing. This
produced acceptable concentricity between the gear dimensions and the
bore.

The 4020 and 4b40 gears were carburized according to the cycle
presented in ‘Table 5-4. Prior to carburizing, all surfaces except the
pear cootn taces were coated with a carburizing stopoff compound to
Limit carburizing to the gear teeth. The microhardness profile
produced by this carburizution cycle is tabulated in Table 5-5 for a
4020 . gear. ‘Ihe actual hardness level of Rc 58-59 is below the aim
harduess ol Re oU-6Z2. 1The effective case depth was determined by the
heat treater (U.U38 inches), and the surface hardness (Rc 6U). This
case depth was sufficient to allow subsequent tooth grinding where
necessary. A micrograph of a typical gear tooth is shown in Figure
5=1Y.

The oversize gears were then wachined vy grinding after carburizing.

5.1.4. Gear Testing at NASA Lewis Research Center. Gears were tested
al NASA Lewis Research Center under the direction of Mr. Demnis
‘Townsend. A set of gears prior to delivery to NASA is shown in Figure
9-20. A coumplete report of gear test results is found in NASA Report.
Some of the test details and results are summarized in the following
puragraphns.
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TABLE 5-4. Carburizing Cycle for P/M Forged NASA Test Gears

Carburize at 1o5UOF to an eftfective case depth of U.033 in. at a
carbon potential of 0.85-1.0 percent. The aim surface hardness is
Re 6U-62.

Air Cool

Stress Relieve at 12009F tor 2.5 hrs.

Austenitize at 15500 for 2.5 hrs. followed by an oil quench.

bDeep treeze at -1200F for 3.) hrs.

bouble tewper at 3UU°F for 2 hrs.
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TABLE, H=-b. Microhardness of Carburized Gear Tooth.*

Distunce frow ‘looth Face (in.) Hardness, Rc
0.0l2 54.8
U.052 59.1
0.0092 58.7
0.0132 58.0
0.0172 58.4
0.U212 57.7
0.0252 56.7
0.0292 54.8
0.0332 52.6
u.03/2 51.8
U.V412 49.8
0.u4b2 48.3
0.0492 47.8
0.U532 47.2
0.Ub72 45.9
U.00l12 45.4
0.0652 44.8
U.0692 44.8
0.0732 43.0
0.0772 44.2
U.081z 44.8
U.0852 44 .8

* ‘Paken approximately ac the pitch diameter.
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Figure 5-19.

Macroetched View of P/M Forged 4620 Gear Showing
the Carburized Case.
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e gears were tested at NASA in a  four square test rig, shown
schematically in Figure 5-21. The gears are offset from each other so
that only one-half of the tooth face is loaded. This produces a
canplex stress state in the gear tooth which consists of bending and
twisting. ‘Ihe gears turn at 10,000 rpm and a Hertzian stress of
248,000 psi is applied at the pitch diameter. The maximm bending
stress is 37,000 psi. Data obtained 1from the test are
cycles-to-tailure, Wiebull plotting being used to evaluate data.

e data for 9310 steel gears, the standard material for helicopter
transmigsion gears, and the data for the P/M forged gears of 4620 and
4640 steel powder, are shown in Figure 5-22. The baseline gears of
9310 steel have a BlU life of 8x1UO cycles. P/M forged 4620 gears
wirlch were carburized and finish ground and a BlU life of 13x100
cycles. P/M torged 4620 gears which were carburized only (mo grinding
or Linishliy operating on gear faces) had a BlO life of 5xluo
cycles.

e uata shown in Figure Y-22 are encouraging. First, for this highly
loaded test case, P/M forged gears with ground teeth show potential
tor replacing cthe 9310 alloy gears. The P/M forged gears have a slope
similar to the baseline years. While they have a lower B10 life, they
also have a lower surface hardness, whiech, coupled with their lower
alloy content, way explain the differenct in Bl0 lives. Second, P/M
forged pgears with uet tooth faces exhibit scatter which is most likely
due to the diwensional wvariations of ftorged plus heat-treated
surtaces. ‘These variations are magnified at this high level of
loading. For more moderately loaded gears, as-forged surfaces would
be acceptable, as has been shown for studies involving automotive
gearing applications (Ref. 2,3). Third, no P/M forged gears suffered
tooth- breakage during testing. Failure occurred by spalling aud
cracking along the highly loaded tooth faces. The beneficial effect of
uctal tlow during forging prevented tooth breakage. Gears machined
from 4340 bar, on the other hand, did experience tooth breakage. The
original mechanical fibering in the bar is still present in machined
and heat-treated gears. The orientation of this fibering provides
crack paths to promote tooth breakage.
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Figure 5-21.

_.— Slave-system
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{a) Cutaway view,
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{b) Schematic diagram,

Schematic of 4-Square Test Rig at NASA-lLewis Research Center.

60

L]




PER CENT OF GEARS FAILED

89

s0 4 AS-FORGED P/M 4620 ~

GROUND P/

10

STANDARD AISI 9310

5 10 50 100
GEAR LIFE (MILLIONS OF STRESS CYCLES)

Figure 5-22, Weibull Plot of Gear Test Data.
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5.2. AGYT 150U 'lurbine Engine Accessory Gears (Phase II)

Phase 11 of this project was aimed at implementing the technology

guined in Phase 1 for P/M forging accessory gears in the AGT 1500

turbine engine used in the Abrams Tank. The No. 6 gear of the

accessory gear bux was selected as a candidate for P/M forging. This

gear is shown in Figure 5-23, and the gear tooth data are tabulated in

Table 5-6. The current method of manufacturing this gear is by

machining alrcraft quality 4340 bars. The gears are used in the -
through-hardened condition, at a hardness level of Ke 34 to 37.

5.2.1.  Experimental Progranm. The material selected tor forging
thiese pears was 4o4U steel powder. Preform stock was produced by cold
isostatically pressing (CIP) a log of powder in urethane tools at a
pressure ot 00,000 psi (414 MPa), followed by sintering at 22U00F
(12040C)  for one hour in a dry hydrogen plus 1 volume percent methane -
atwosphere. Prefonns were than wachined from this sintered log.

.4

wo pretorm pgeometries were initially considered for forging these
pears.  These geometries, shown in Figure 5-24, were selected to
examine differences in lateral flow during forging. The ygears have
very tlne teeth, and tooth cracking during forging was anticipated to
be a wajor problem.

The torpe tools tor producing these gears are shown in Figure 5-25,
and the die dliensional data are given in Table 5-7. The die cavity
and punch teeth were wachined by wire kDM, with a clearance of 0.UU4
incles per side between the punches and die. Notice that the core rod
has been incorporated into the top punch; this was done to facilitate
ejection.

even crial torgings were performed using pretorm preheat temperatures
from 180UOF Lo  22000F (9820C to 120490C). The density of these
preforms was 86  percent of theoretical, which was greater than the
desipun density ot 80 percent. ‘lhe top preform in Figure 5-24 was used
for these trials, with the weight reduced to™l.4 inches to assure that
the die cavicy would not be overfilled. lhe die and punches were
heated Lo SUUWOF (2000C) tor these trials. Kesults are tabulated in
Table 5-8. Figure 5-206 shows the forged gears. Ejection proved to be
a problewm, as indicated by the commnents in Table 5-8. Manual ejection
means that the forging cooled in the die until it could be manually
extracted. ‘[his was possible since the core rod was part of the top -
punch and tiws was pulled out of the gear as the crank returned to its
upper position and therual contraction of the gear resulted in sufficient
stirinkage to separate it from the die wall.

The lorging loads reported in Table 5-8 are 1UUU tons (8.96 MN) for
the range of preheat temperatures examined. Die fill was complete in
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Figure 5-23. AGT 1500 No. 6 Accessory Gear.
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TABLE 5-6. Gear pata for AGT

Number of Teeth . . . . . . . . . . .
Type ot Fillet . . & v o o o o v

Diametral Pitch, Rolling . . . . . .

Pressure Angle, Rolling . . . . . . . .

Outside Diameter. . . . . . . . . . .
Piceh Diameter, Rolling . . . . . . .
Bage Circle Diameter. . . . . . . . .
Form Diamseter, Max. . . . . « . + . .
l(wtl)iameter_............
Circular Tooth Thickness. . . . . . .
Root Fillet Radius, Min. . . . . . .

Backlash with Mating Gear . . . . . .

At Center Distance. . « v v v v ¢ o o o

Dimmeter ot Measuring Wires . . . . .

Measurement Over Wires. . . . . . . .

Nuber of Teeth in Mating Gear. . . . .

Part No. of Mating Gears. . . . . . .

%1 Inch equals 0.025 .

150V No. b Accessory Gear*®

T

e e e e e .o Bull

e e e e e e 14000

e e e e 20,000 deg.

e« v s e e . 4,495 in.
e 4.3571 in.

e e e e oo v e 4,094 in,

e e e e e e . 4.2393 in,

e v v e+ 415 in

s e e e e s . ULI057/0.1087 in.
e o o o s s o 0,030 in.
B R T VYAV U T

« e+« . . 5.9633/5.9353 in.
VR 7 L

e e s oo e o . 4.5882/4.5954 in.
s e e .. . B3, 106

e o e e e s o« 3=-080-079-01
3-080-U78-01
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Figure 5»24. Schematic of Possible Preform Shapes (80% Density) and
Forged Shapes for P/M Forging of No. 6 Accessory Gear
in AGT 1500 Turbine.
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Forging Tooling for AGT 1500 No. 6 Accessory Gear,

Figure 5-25.
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Figure 5-26.

s L}

Trial Forgings of AGT 1500 No. 6 Accessory Gear For a
Preform Preheat Temperature Range 1820° to 22Q0°F.
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all cases except in the trial at 18UUOF (9820C). Flash formed on
both lower and upper faces at the punch/die gap. The trial at 1800CF
(9820C) produced the best surface tinish.

Measurements of these gears, as shown in Table 5-9, revealed two
problewms. First, the bottom diameter measurements, made over pins,
exceeded the top diameter over-pin measurement values by 0.0l inches
(V.25 ). Second, a thickness taper of the same magnitude was
present. It is believed that the first problem caused the ejection
problems. ‘The reason tor this locking type taper was proposed to be
the die heating method. As shown in Figure 5-27, torch heating of the
accenssory ygear tooling may have heated the bottom punch and lower part
ol the ring dle to a greater temperature than the upper part of the
ring die since che flame was trapped in the core rod cavity of the
bottom punch. Use of a lower core rod would not have solved this
problem as the core rod would deflect and spread the flame. Based on
the thermal expansion coefficient of H-13 tool steel (6.6x106 inch
per inch per fahrenheit), a 0.0l inch (0.25 mm) taper could be
~ produced by a top-to-bottom temperature difference of 3350F (1709C).
This would not only make the part lock in the ring die, but the bottom
punch would also lock and resist upward motion.  Subsequently, a
pancake pilece was used to deflect the torch flame for even tool
twating. Wuile the ejection problem ended,the part taper was not
eliminated.

A problem concerning response to heat treatment and carbon control
uexpectedly arose during this phase of the program. Attempts to
harden 4040 gears resulted in extreuwely soft gears. Metallographic
examination showed excessive decarburization. Gears of 4660
compusicion were forged, and these also had decarburization and
corresponding low hardness. The decarburization could be remedied by
carburizacion. ‘The likely explaination was attributed to a small
water leak in the jacket of the cooling chamber. The decarburization
was mwost likely caused by high moisture content in the furnace.
Because hardness is related directly to gear performance, this problem
ol carbon control was a major concern.

b.2.2. Forging of Accessory Gears. Forging of accessory gears for
delivery to TACOM for testing and inspection was performed using a
pretorm preheat of 22000F (12049C), a die temperature of 4500F to
HOUOE  (2320C to 2609C), Deltaforge 33 as the die lubricant and
pretorm coating, and a transfer time of four to five seconds. With
the pancake cover present during torch heating, a top-to-bottom taper
of the forged gear was still present, although no ejection probleus
were  encountered. A set of 12 gears of 4640 composition were
produced. These are plctured in Figure 5-28, and dimensional data are
contained in Table 5-Y.

The dimensional data verity the presence of tapers on the diawmeter and
the thickness. Also, the measurements over the pins fall below the
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TABLE 3-7/. Die Cavity Dimeusions to Forge AGL 150u
Nu. 0 Accessory Gear

Number of Teeth « v v v 4 o 4 o 4 v o v o o s o« o« 61
Dianetral Pitehh o o v 0 v 6 v o v 0 6 v v 0 v v . . 14
Circular PLGaht v o v 4 6 4 0 o o v o 6 o o o v o » U228 in,
civeular Yooth Mhickness (ReLv) o o v o v ¢ o o o o

Pressure Angle. o o o o 0 0 0 h v 0w e e e e s e W 20000
Pitch Diameter. « o o v v o o o o o o o o o o o o « 4,377 in.
PjOr DIAmelers o o o o o v o o o s o o o o o o o o 4505 in.
MInor Diameter. o« o o o o o o o o o o « o ¢« o« o o o 4,160 in.

Koot Fillet RadiuS. o o v v v 6 v ¢ o o o o o o « o Gou3u-in.
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13364
1343.0
1536
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rorging drials tor AGL 100U w. L Accessory Gear

Temperature, F Forging
Preform Die Load (t) Coments
2200 490 1ulo heavy flash
slow ejection
220 S0V 1003 manual cjection
240U a4hu 1613 slow ejection
2200 460 91b manual ejection
220U 50u Y9/ uanual ejection
1oUL S50 Y45 manual ejection
200U LU Y717 manual ejection
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TABLE 5-9.

Measurement Over Pins

Dimensional Data for Accessory Gear Trial Forgings*

Gear Bore
No.** Top Dia. Mid. Dia. Bot. Dia. Dia. Part Height
] 4,567 4.571 4.578 1.842- 0.968-
1.845 0.981
2 4.571 4.579 4.582 1.844- 0.964-
1.846 0.977
3 4.570 4.575 - 4,582 1.850- 0.970-
1.853 0.975
4 4.564 4.571 4.577 - 1.845- 0.958-
1.848 0.962
5 4.572 4,576 4.582 1.846- 0.964-
1.850 0.975
6 4.584 4.590 4.595 1.853- 0.954-
' v 1.856 0.966
7 4.579 4.586 4,589 1.849- 0.965-
* "1.852 0.970
*  Dimensions are in inches;
** Gear No. is same as Preform No. in Table 5-8.
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specitied values in Table 5-6. This, in itseli, is not a major
problem, as a change in forging variables can bring the forgings into
tolerance. The thickness taper was found to be consistent from
- part-to-part, being highest at a 10 o clock positlon on the gear,
relative to the die, and lowest at a 4 o'clock position. There are a
few possible reagons for this taper,all of which suggest the need for
press or die set wodifications or adjustments. First, the bottom
punch, which seats indirectly on a taper plate, may not be
perpendicular to the ring die walls. For this to be true, there would
be also problems in raising and lowering the bottom punch. This
possibility has sowe merit because of the various ejection probleuws
encountered. However, the bottom punch under normal operating
conditions was not tu.ndered during movement in the ring die. Other
possiblilities include a taper on either the top ram or the bed of the
press, a shift in the ram under load, off-center alignment of the top
purch and the press bed, and deformation of the bolster plates
supporting either the top punch or the bottowm punch. Of these
possibilities, the wost likely candidate is a shift of the ram under
load. This could be due to an off-center situation, either by the
plece being forged or by the punch alignment with the press bed, or by
play in ramguides and bearmus .

Because of unexpectedly lower hardness (RA 45-47) observed in the
representative 4040 powder forged gear, surface decarburization was
suspected. The core hardness of a forged P/M 4640 gear in the fully
hardened condition (i.e., austenitized at 15009F (38150C) for one
hour, quenched in oil, and double tempered at 4750F (24060C) tor two
hours) was in the Rc 20 range. The subsequent carbon analysis of this
pear indicated that only U.126 percent carbon was present. Therefore,
decurburization along with a lower than critical cooling rate
uwecessary ror full hardening appeared to result in lower hardness in
the powder forged 4640 gears. The decarburization appeared most
likely to be caused by a high moisture content in the furnace.

while the carbon content of a steel determines the maxiimmum hardness in
the ftully hardened conaition, the alloying elements establish the
critical cooling rate for full hardening and, therefore, the section
thickness that can be hardened fully. For instance, for 4620 steels,
the size of round that will through-harden in oil 18 0.2 inch and the
critical coolinyg rate at 13UUOF is 3U59F/sec. 'Therefore, tne large
section size (i.e., 1 inch) of the 4640 powder forged gears may have
been partly responsible for slowing down the reaction rates and
forwing other structures (ferrite, pearlite, and upper bainite)than
the tully hard structure (martensite). A water-quenching experiment
stiowed that the core hardness of a 4640 forged gear could be raised to
Ke 42. However, there 1s the distinct danger of distorting or even

cracking the gears if they are quenched drastically enough to harden
completely.
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A uvew batch ot quench oil (Bedcon K-9Y) was procured tor the subsequent
oil quenching operation. To replace gears which suffered from the
loss  of the carbon content during preheating to the forging
tewperature, five additional gears of a 4660 composition were
produced. After a full hardening treatment®*, core hardness of a 4660
forged gear was Rc 50. The analyzed carbon content was 0.6 percent.

Because of ditficulties experienced in controlling the carbon content
and the subsequent hardness, modified hardening procedures were
established to waximize the information on responses to various heat
treating conditions.

ey are described as tollows:
A. Hardening Procedure of AGT 1500 No. 6 Gears

( Nos. 1 through 19 are 4640 gears)
(Nos. 21 through 24 are 4obl gears)

A.l. Gear Nos. 1, 5, 10, 15, 19.

A.lia.:  Normalize by heating to lo5U0F, holding at heat for 1
hour and cooling in air to room temperature.

A.l.b.: Harden by heating to 155U°F, holding at heat for 1 hour
and quenching in oil.

A.l.c.: Double temper by heating to 4750F, holding at heat for 2
hours, cooling in alr to room temperature, reheating to
4750F, holding at heat for 2 hours and cooling in air.

A.l.d.: Pack carburize at 170U09F tor 12 hours using charcoal
provided and cool to room temperature.

A.Z. Geur Nos. 2, 6, 12, 16, 22.

A.2.a. Same as A.l.a.

A.2.b. Harden by heatlng to 15500F, holding at heat for 1 hour,
and quenching in water.

A.2.c. Same as A.l.c.

A.2.d. Sarne as A.l.d.

* " Pull hardening treatment consists of:
Normalize at 16500F (8990C) for 1 hour.
Austenitize at 15000F (8160C) for 1 hour.
Quench in oil.

Double tewper at 4750F (2460C) for 2 hours.
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A.3. Gear Nos. 3, 8, 13, 17, 23,

A.3.4a.: Same as A.l.b.
A.3.b.: Same as A.l.c.

o)kl

"AJ4. Gear Nos. 4, Y, 14, 18, 4.

A.4.a.: Same as A.2.b.
A4.b Same as A.l.c.

Uf the U pears, Lhree gears were given a through-hardening
treatuent and teeth were shaved at Midwest Gear Corporation,
Iwinsbury, Ohio, to meet the hardness (Rc 34-37) and dimensional
requirenents per drawing 3-080-076-01. The shaved gears should be
appropriate tor riyg or engine testing. ‘Ihe above-described hardening
procedure had - been discussed and agreed wupon with the TACOM
respousible engineer. All 2U gears were subsequently delivered to
TACOM 1or inspection and testing.

5.3. MZ Gear (Phase 1I1)

TN M2 personnel carrier manufactured by FMC Corporation contains many
gears that potentially can be wade at reduced costs by P/M forging. A
ring gear, shown in Figure 5-29, was selected the the final phase of
this program. Tooth data for this power take-off gear are contained
in Tavle 5-1U. P/M torging of ring shapes has been found to be an
economical alternative to conventional forging and machining from
vither bar or tube stock. Therefore, this particular gear selection
wasg justitied on economic considerations alone. From a technical
standpoint, the pgear presented a challenge because of the thin wall
and the size of the gear teeth. The preform for such a shape must be
tull and thin, which causes handling and chilling problems, as well as
the expected workability problems of a porous preform.

5.3.1.  Die besign. Die design for the M2 gear was performed using
CADAM and the equations discussed in Appendix B. Coordinate data in
the form of NC tapes for the die cavity were determined by this
approach, an these were used to machine the die cavity and punches
by wire M. ‘'Ihe die cavity form duta are given in ‘fable >-1l. Figure
5-30 shows the dle cavity profile constructed by CADAM. This is the
trace the electrode follows during wire EDM.

The die nest with M2 tooling in place is depicted in Figure 5-31; the
tools are shown in Figure 5-32. As witn the accessory gear, the core
rod is a part of the top punch in order to minimize core rod-forging-
contact tiwe and to aid ejection. The tools were designed to operate
al  45U0F (2320C) to winimize die chill in this thin wall part.
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5.3.2.  Preform Design. Preform design for this gear faced two
potential problem areas. First, the tooth length roughly equals the .
wall tnhickness of the part. This means that the lateral flow needed
to till the tooth is substantial in couwparison to the overall iateral
flow. Cracking on tooth tips is highly likely for such cases.
Fortunately, the tootn thickness is fairly large, which helps to
miniwmize diametral tensile strains. Second, this part has a high
suriace area-to-volume ratio, which indicates that chilling of the
pretorm must be considered. Not only does this chilling proumote
residual porosity alonyg die-contacted surfaces, but gross chilling in
thin wall parts reduces their workability and leads to cracking. With
these coustraints in mind, two preform geometries were determined.
These were basically two thin wall rings with similar volumes but
difiereut dimensions. Using software for axisymmetric shapes, the two
geometries were determined to be as follows:

Pretorim 1: 3.5 inches QD x 2,875 inches ID x U.814 inches hign.
Pretorm 2: 3.393 inches OD x2.875 inches ID x 1 inches high.

Approxluately 2U preforws oif each type were produced from thick walled
tubes produced by CIP.

b.3.3. Forging ‘lrials. Forging trials were conducted for this gear
to examine the effect of preform temperature on forging response tor
thin wall shapes. ‘'[he tooling was heated to 4500F (2320C) while the
pretorus were heated to 210UOF (L1500C), 2Z20U0F (12040C) or 2Z300OF
(l26uUfC).  Tne pretorms were machined from green CIP thick walled
tubes of 4640 and 4660 coupositions.  Preheating served as the
sintering step. Prior to preuneating, the green preforms were sprayed
with beltaforge 33. This lubricant was also applied to the dies prior
to turging.

Usinyg a fiber optics probe, the temperature of the preforms was
wonitored during transter from the furnace to the tooling. A drop of
3000 (1500C) occurred for each of the preheat temperatures, so the
actual preform teuwperatures as they entered the forge die were 180UCF
(Y820C) to Z00UOF (10v39C). Upon ejection, the gear teeth were
already black, indicating that considerable chilling had occurred.

Cracking at tooth tips and die fill were in evidence for these
forgings. Cracking and die fill were most prominent for a preheat
Ltemperature of ZI1UUOF (11509C). At the uigh preheat tewperature,
oxidation degraded the surface finisn. For these forgings, 22000F
(12049C) seemed to be a lower limit for preheat temperature and 23UUOF
(12009C) was an upper limit. A trial at a preheat temperature of
24000F (13150C) caused the 4060 steel preform to sag. Because of
chilling and poor surface finish, oversize teeth were forged to allow
tinish grinding.

/7




TABLE Y-iU, Gear Data ror MZ Pinion Gear

EXTERNAL INVOLUTE SPUR GEAR DATA:

standard Center bistance

NL”lber 0.[ .1‘wttl .I . L] ' L] L . L . . . L] L] . . L * L]

| Dialletral Pitdl L L] ) L] L] L v. L] . L] L] - . . - L] L] L]

Pressure Angle. « + o v o v v v v i e e e e e .

Minor (Root) Diameter . « « ¢ ¢« ¢ o o o ¢ o o = =

Measurement Over Two .216 Diameter Wires. . . . .
(Optional Measurement of ARC Tooth Thickness)

Runout Tolerance Over .216 Diameter Wire to =-B-

Profile folerance . . + ¢« ¢ ¢« o & &«

lead Tulerance Across bace Width, « & ¢ v o o o &

Picch (Tooth to Tooth Spacing) Tolerance. . . . .

GEAK REFERENCE DATA:

Bage Didieter o o o o o ¢ ¢ o o s
Nowinal Whole bepth . . .« . o o . .
besigied to Mate with bart Nunber .
Uperating Center Distance . . . . .
Uperating pPitch Distance. o« v e e

Operacing Pressure Angle. . . . . .

31
8
200
3.5548/3.5065
4.1690/4.1618
W12 FI
See Chart
.0U05
0007

3.6413089
.2938
12276804
6.8125
3.8750
200
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Figure 5-31. Orawing of Tooling Assembly for Forging M-2 Pinion Gear

With Forging Tooling in Place.
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Figure 5-32.

Forging Tooling Components for M-2 Pinion Gears.
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A set of 26 gears was forged using preheat temperatures of 2100, 2200,
and 23000F. The lU representative ygears are shown in Figure 5-33.
M2 gear gorging data are glven in Table 5-12. Modified hardening
procedures established for the AGT 1500 gears were applied to the MY
gears and are given below.

B. Hardening Procedure for M2 Gears

B.1 Gear Nos. 2, 3, 5, 11, 23, 26, 31

B.l.a: Norumalize by heating to 1650FF, holding at heat for one
how and cooling in air to room temperature.

B.l.b: Harden by heating to 1550°F, holding at heat for one
hour, and quenching in oil. _

B.L.c: Dbouble temper by neating to 4750F, holding at heat for
two lwurs, cooling in alr to room temperature, reheating to 4750F,
holding at heat for two hours and cooling in air.

B.l.d: Pack carburize at 17UUOF for 12 hours, using charcoal
provided and cool to room temperature. '

B.2 Gear os. &4, v, 7, 12, 24, 27, 32.

B.2.a: Same as A.l.a.

B.2.b: Harden by heating to 15500F, holding at heat for one
hour, and quenching in water.

B.2.c: Same as A.l.c.

B.2.d: Same as A.l.d.

B.3 Geur Nos. 9, 13, 18, 21, 25, 28, 33.

B.3.a: Same as A.l.b.
B.3.b: Same as A.l.c.
B.4. Gear Nos. 10, 14, 22, 29, 30.
" B.4.4
B b

A.ar Sae as A.2.b.
b

Same as A.l.c.

OL che 20 gears, three pears were chosen and were carburized and
ground to meet the hardness and dimensional specification is required
for Bo2UH steels.  Gear grinding was carried out by Midwest Gear
Corporation, ‘winsburyg, Ohio. The 20 best heat-treated gears,
including the three which were carburized and ground, were delivered
to TACOM for inspection and testing.
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Figure 5-33,

As-Forged M-2

Pinion Gears.
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TABLE 5-12. M-2 Gear Forging Data ’

Part

Gear Alloy Preform Preform Forged Preheating Minor Major Height

Number Composition Height{in.) Weight(gm) Weight(gm) Temp. (9F) Diameter(inch) Diameter(inch) Inch
2 4640 0.85 295 294 2200 3.560/3.564 4.151/4.155 .418/.426-
3 4660 0.85 286 285 2200 3.560/3.560 4.149/4.151 .410/.413
4 4660 0.85 283 282 2200 3.555/3.557 4.146/4.149 .403/.407
5 4660 1.0 273 272 2200 3.555/3.557 4.148/4.148 .387/.397
6 4660 1.0 267 266 2200 3.555/3.557 4.142/4.143 .383/.388
7 4640 0.85 297 295 2100 3.556/3.556 4.144/4.144 .425/.430
9 4640 -0.85 297 296 2300 3.549/3.553 4,139/4.143 .423/.432
10 4640 0.85 296 295 2300 3.554/3.556 4,142/4.143 .422/.425
11 4640 0.85 301 298 2300 3.549/3.554 4.139/4.144 .423/.434
12 4640 0.85 315 313 2300 3.552/3.554 4.144/4.144 .448/.450
13 4660 0.85 289 287 2300 3.554/3.561 4.140/4.148 .412/7.413
14 4660 0.85 294 289 2300 3.563/3.566 4.142/4.150 .402/.449
18 4660 1.0 294 290 2300 3.553/3.556 4.134/4 141 .385/.428
21 4640 0.85 301 298 2200 3.554/3.554 4.143/4.147 .425/.433
22 4640 0.85 303 298 2200 3.553/3.557 4.148/4.150 .425/.431
23 4640 0.85 296 293 2200 3.550/3.557 4.143/4.147 L4197 .426
24 4640 0.85 294 292 2200 3.548/3.552 4.145/4.147 L4147 .423
25 4640 0.85 289 287 2200 3.550/3.559 4.139/4.148 .393/.438
26 4660 0.85 289 284 2200 3.554/3.560 4.142/4.146 .&07/.413
27 4660 0.85 307 303 2200 3.546/3.556 4.137/4.147 411/7.4%48
28 4660 0.85° 288 286 2200 3.552/3.555 4.138/4.145 L4127 .474
29 4660 0.85 2838 286 2200 3.557/3.562 4.146/4.147 .429/.439
30 4660 1.0 293 290 2200 3.559/3.560 4.145/4.145 .418/.419
31 4660 1.0 292 - 2389 2200 3.553/3.559 4.142/4.147 .416/.418
32 4660 1.0 293 289 2200 3.551/3.556 4.138/4.146 .4716/.479
33 4660 1.0 293 289 2200 3.555/3.560 4.,139/4.144 .412/.429
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5.3.4 Discussion of Forging Results. ‘'The forging trials carried out
for these three different gear geometries served to illustrate and
emphasize many critical points about P/M forging. As a recision
forging process, control of the process was found to be extremely
important from the standpoints of dimensional accuracy and part
quality. Every step of the process should be closely monitored.

Pretorm shape, - density, density distribution, and weight must be
controlled during cowpaction and sintering. Light preforms produce
uwlersize parts, heavy performs produce oversize parts and can damage
the tools, and preforms with improper mass distribution result in
defective and out-of-tolerance parts.

Sintering could be combined with preheati.ng for energy conservation.
Thme at tewperature was found to be important for avoiding
workability problems. For a preneat temperature of 22000F
(120490) , 30 minutes was for heating green preforms.

The preform temperature and die temperature affect the final part size
and can be used to adjust as-forged dimensions. Higher preform
temperatures and lower die temperatures produce smaller parts than
the opposite conditions. A preform temperature of 22000F (12040C) and
die temperatures of 35U0 to S55UOCF (1750 to 29U°C) were shown to be
optimal for these parts.

Forging tile cycle time is important and should be consistent. A time
of four seconds proved to be repeatable for manual transfer from the
turnace to the die cavity, and it was fast enough to avoid oxidation
of the preform.

Commercially available 4buU steel powder, produced vy water
atomization and blended with graphite, was found to be acceptable for
these high-pertormance applications. Gears of 4620, 4640 and 4660
composition were forged from sintered preforms. NASA testing showed
that carburized gears with forged-plus-ground teeth were capable of
operating under conditions of high Hertzian loading without tooth
breakage .

Die design and manufacturing using CAD/CAM techniques was necessary
for this precisioin forging operation. Wire EDM proved to be an
effective methoa of cutting both the die cavity and punch profile.
when possible, the core rod for forging bores should be incorporated
into che tope punch. This eases ejection of the forged part from the
die cavity.

Lastly, the P/M iorging process was dewonstratea to be flexible and
capable of producing precision parts of high quality. The three gear
shapes produced in this program represent different levels of
complexity and P/M was capable of producing all three gears. The use
ol this process for the production of military hardware should be
implewented where cost reduction can be forecast.
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Appendix A

IMPLEMENTATION OF COMPULER-AIDED DESIGN OF PREFURMS
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The original approach to this projecf: included application of the CAD
prograu for preform design developed at the University of Pitcsburgh
to gear forging. The program was translated to TRW' s IBM caomputer
system from the University' s DEC 10 system. 1This software consists
of three major sections. First, a geometric description module
allows shapes to' be described in |a manner that is suitable for
subsequent calculations. Second, a part is sectioned into regions of
different types of metal flow. Then a preform design is determined.
This program is interactive, with the user suggesting designs and
smodifications, and the computer deciding whether or not the design is
feasible based on a set of rules contained in a database for that
particular coubination of material and working conditions.

The geowetric description module was modified to allow axisymmetric
shapes to be described. From the part description, volume and cross
sectional area calculations could be made. For example, the cross
sectional area is determined by approximating the contour as a closed
polygon. A part drawing can be reduced to dimensional data for this
description py use of a digitizer. Then, the area is given by:

A =L * NyY|-NYy + N5Y2=NoY5 +.. .t NoYn-1-No-1¥n + N Y¥n-Ng¥]
eq. (Al)

where Ny, N2y..., Np and Y}, Y2,..., Yn are coordinates of
consecutive corners of the polygon with respsect to a cartesian
coordinate system. Volume can be found by rotating this area about an
axis of symmetry. The program is written in Fortran IV, and is
uselul tor determining areas and volumes of complex axisymmetric
ghapes.  This category includes preform shapes for most gears.
lowever, it is not developed to the point of calculating volumes for
parts with internal or external projections, such as gears or
splines.

Lt became apparent at this point that CAD preforus for gear forging
wag beyond the scope ot this program. A database of gear shapes with
wetal flow descriptions would have to be generated to make this
software useful. This in itself was a great task. Therefore, the
application of C(AD to this program shifted from complete preform
design to the application of existing CAD packages where possible to
aid in design calculations. CADAM was tound to be very useful in this
type of approach. CADAM could not be used to design a preform by
itself. After all, CADAM is nothing wore than a computerized drafting
package with some engineering calculation potential. Nevertheless,
thwe calculation power of CADAM was extremely wuseful for die
dimensioning and area and volume calculations. Such packages could be
used Interactively to effectively determine a preform design. User
input was the sole design criterion, but CADAM made fast work of
Llaborious volume and mass distribution calculations.
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Appendix B
DIE DIMENSIONING CALCULATIONS
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Die dimensions are calculated on the bases of thermal and mechanical.
considerations. For many parts, it is adequate to merely consider
only thermal expansion factors because any mechanical factors are
sufficiently small that final dimensions are not affected. For these
gears, both approaches to tooling dimensioning were used. the NASA
test gear tooling was dimensioned strictly on thermal considerations,
while the tooling for the larger diameter AGT 1500 accessory gears and
tie MZ pgear were designed wusing both thermal and mechanical
considerations. These approaches are detailed below.

8.1 Thermal Considerations for Tooling lLimensioning

The equation used to calculate room temperature die cavity dimensions
for torging a part of a given size is:

Dp X I+ pX©Tp) =bp X (I+ Pp X © Tp) eq. (Bl)

where D and P refer to die and part values for diameter, thermal
expansion coefficient and temperature difference from ambient to

-operating temperature. This equation is based on the die cavity

diameter being equal to the part diameter at the forging conditions.

Therefore, the temperature of the die and the temperature of the part
Just prior to ejection umust be determined. These values can be
substituted in the equation, along with the room temperature part
diameter, to calculate the room temperature diameter of the die.

Conversely, if the die diameter is known, the size of the part that
way be forged in the die can be calculated. ~

B.2 1hermal and Mechanical Considerations for Tooling Dimensioning

‘A wore accurate determination of room temperature tooling dimensions

takes into account mechanical cowpliances between the part being
forged and the tooling. Consider the case for forging a solid
cylinder. Figure B-1 shows the dimensional changes that both the die
and cthe part see during the process. Mathematically, these are
represented by:

DD + @dl + @dz-©d3 = DP + @al - @az : eq. (B2)

where the terms are defined in Figure B-1. The terms with subscript 1
are thermal terws as determined in the previous section. ‘The terms
with subscript 2 and 3 are mechanical terms.

Wy = Dpx p X @1y eq. (B3)
The part diameter at the ejection temperature would therefore be:

b=yt Qa|




©a, - 'lhe elastic expansion of the part upon ejection from the
die is calculated by:

©ay = Dy, X (P/Ep) X (I~ p) eq. (B4)

wiere P is the pressure applied to the part by the die prior to
ejection, E, is the elastic modulus of the part at the ejection
temperature  and p is the Poisson ratio of the part. A first
approximation of P is the yleld strength of the part at the ejection
tewperature.

©) - The chermal expension of the die cavity from room
teiperature to the die preheat temperature is given by:

€y = by X p X vl eq. (B5)

Ttwretore, the inner diameter of the die at the preheat temperature
equals:

Dp=bDpX (1l + pXelp

€y - The die cavity expansion due to forging load is calculated
by: : .

o4y Dp. P. D2 + Dpé
Ep BZOD‘%QP + D eq. (B6)

wiwre P 18 the torging pressure, Ep is the elastic modulus of the die
material Do\é) is the outer diamter of the ring die, D p is the part
dianeter, ar p is the Poisson ratio of the die material..

€y - The elastic contraction of the ring die as the forging
load is released is calculated by:

“dy = (Dy +©ay). YP. Dop2+ p+ @2 +
DopZ = (Dp + ©dy)<

where Yp is the yield strength of the part the other terus are as
defined previously.
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These eguations rely on accurate data for the forging process and for
the necessary mechanical and physical properties of the materials
involved. Be aware that the property values are for forging
temperatures, not room temperature. The influence of these various
variables on final dimensions is shown in figures B-Z through B-8.
From these figures, it is clear that thermal expansion terms of the
workpiece and die wmaterial have the greatest affect on final
dimensions.,  Thus, the values of the expansion coefficlents are
critlecal cu the accuracy ot the predicted dimensions as are the
temperatures involved. 0Of the mechanical properties, the elastic
modulus of the die has a hignh slope as shown in Figure B-8, which is
indicative of a strong effect on final dimensions. Of equal
importance are the variables wnich are not discussed. Transfer time
from the furnace to the die has a major effect on ejection
tewperature, as well as part quality through control of internal
oxidation. Time in the die cavity is also important for the same
reasons. This model is still a simple approximation of a complex
process. The future will see improvements in such models by adapting
accurate heat transfer analysis and stress analysis using finite
mwodeling to this problem.
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DD
Ad) :
If\&—\ Ag Changes in Die Cavity
Diameter During the
Forging Process
L,
!
}Qaz Changes in Part Diameter
r__,fv~\“, During the Forging Process
Ha,
DP

D, = room temperature dlameter of die cavity

D
Adj= increase in die cavity diameter due to thermal expansion

ad

Ad3=elastic contraction of die cavity upon release of forging

2" elastic expansion of die cavity under forging pressure

pressure

Dp = desired diameter of part
Aa1= thermal contraction from ejection temperature to room
temperature

Aay= elastic expansion of part upon ejection from die

tigure B-1. Dimensional Changes of the Die and the Part that Occur

During the'P/M Forging Process.
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COST ANALYSIS
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The production quotas for the AGT 1500 No. 6 gear and the M2 power
take-off gear are 1,000 gears of each type per year. For P/M forging,
all 1,000 gears should be produced in one run. Typical production
runs tor P/M forgings are 25,000 parts or wore tor economical
advantage of the process. For parts such as these, which place a
premiuu on quality and reliability, lower volumes can be produced
economically. Because of the ability to automate the process, the
time and cost of tooling setup, the production runs should be as
large as possible. Using a computer program developed by Deformation
Control Techmology, cost projections are presented below for high
qualicy powder forged gears. Grinding is included as a finishing
step. For comparison, the cost to TACOM for the MZ gear in lots of
1,000 i8 $35 per gear by conventinal manufacturing.

ror a couwpletely autowated P/M forging line, a cost of less than $9.50
is projected in Table C-1. = This figure assumes that the equipment
purchased for P/M torging is depreciated at a daily rate for the time
that is it used for forging of this gear. All other necessary
equipwent, such as grinding equipment, is in-house and is not included
in this equipment cost. No building or office costs are included in
thig tigure. '

From the production standpoint, labor and overhead are charged for

each operation. Inspection has been included in the overhead rate for
the production steps. For this automated line, a production rate of
six pleces per winute was used. ‘This value is slightly conservative
for an automated line, but it allows for production disturbances and
mwinor delays.

The sumuary portion of the output shows that finishing costs dowinate
the unit part cost, followed by tooling costs, overhead costs, and
waterial costs.  Finishing includes heat treat and grinding, with
grinding being the major cost. An automated grinding setup is assumed
Lor accurate. and fast fixturing tor grinding, or else grinding costs
would be prohibitive. Tooling is high in this case because two sets of
tooling are required, and a life of 3,000 forgings was assigned to the
forging tooling. Due to the low production quantity, it was
projected that the tooling would degrade while on the shelf, and that
it would need to be replaced every three years for reasons other than
die wear. Overhead 1is thigh because it includes inspection and

management Ccosts.




A sengitivity analysis is inciuded wnich shows the effect of varying
assuned costs by 50 per cent to 100 per cent greater than baseline
value. The unit cost is oot signiticantly changed for any single
value variation, and it remains well below the  $35 figure for
couventionial produccion (which includes profit while the projected
unit cost does not). 1f all values varied at the sawme time, the
projected unit cost would be $14,748, which is still below the current
price, even with a 50 per cent profit added. C(learly, for an
automated P/M forging line, the M2 year can be produced by P/M forging
~at a cost reduction from current methods.

For a manual setup, such as the RMD facility at TRW-MMIC, P/M forging
is not economical, as shown in Table C-2. This setup entails manual

funuice louding, unloading, and forging. Production rates would drop
signiticantly, down to one foring every 20 minutes. Finishing costs
tor nonproduction equipment would also rise dramatically. A projected
cost for a laboratory-type facility is $139,125 per gear. Sensitivity
analysis shows that this cost could be. significantly higher,

Comparison of Tables C-1 and C-2 shows that production must involve
automated  handling for P/M  forging to be  economical.
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" TABLE C-1. Production Costs for Powder Forging of

M-2 Power Take-Off Gear. (I

Summary of Input Data

Annual Interest Rate = 15%

Weeks worked per year: 48

Yearly production of 1,000 parts
will be produced in runs of 1,000 parts
with a rejection rate of 5%.

Production Times and Labor Costs
Rate.pcs./min,

): Automated Production

Days worked per week:

No.

Men Labor Charge/Year

5

Compaction
Sintering

Forging
Inspection

Set-Up Compaction
Set-Up Forging

— OOy

Total Labor Cost per Yearly Production =

Overhead Burden for Production Operations

—_—— O PN =

$259.917 -

OPERATION BURDEN %
Compaction 450 $1
Sintering 400 $1
Forging 450 $2
Inspection 0 $
Set-Up Compaction 450 $3
Set-Up Forging 450 $3

Total Overhead Cost per Year = $1,156.50

18.125
05.000
49.375
0.000
42.000
42.000

0

$26.250
$26.250
$55.417
$ 0.000
$76.000

- $76.000




TABLE C-1. Production Costs for Powder Forging of M-2 Power
Take-Off Gear. (I): Automated Production. (Continued)

Cost of Non-Machinery Items

Building Cost is 0 and life is 1 year.
Office Cost is O and life is 1 year.

Cw

Total Facilities Cost per Lot = $0.000

Cost_of Machinery

___MACHINE " COST LIFE (yrs.)
Compaction Press $350,000 15
Sintering Furnace $125,000 12
Forging Press $650,000 15
Total Machinery Cost per year = $125.381

Tooling Requirements and Cost

_Tool Item Cost Life (pcs.)
Compaction Die Set $7,500 100,000
Forging Die Set $7,500 3,000
Total Tooling Cost per Lot = $2,703.750

Raw Material Requirements and Cost

Raw Material Wt. per Part Cost per Lb. Cost per Part -

Preblended 4600 Powder .66 .49 .3234

Total Raw Materials Cost per Lot = $339.570

Finishing Costs per 100 Parts

OPERATION “LABOR COST BURDEN
Normalizing 2 6
Carburize/Temper 3 10.2
Ream Bore 20 50
Grind Teeth 100 300
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TABLE C~1, (Continued)
SUtARY OF PRODUCLION COSTS PER PART

Total taber of Parts 1,000 in lots of 1,000 parts.

o

bou=plchinery Cost per Part U.ulu
Machinery Cost per Part = U.120
Raw materials Cost per Part = U.340
Tooling Cost per part = 2.7V4
luspection Lost  per part = U.luu
Labor Cost per part = 0.1038
Set-Up Costs per part = U.152
Overhead Costs per part = 1,157
Finisning Coscs per part = 4,914

= (.000

Cost ol burchased Parts
reouuction Cost per Parc =5 9.497

e table below is a compilation of production costs on a per part
basis chat siwws the eftect of tue listed variable values on part
cost. Fbach of the eight listed variables has had its wvalue varied
from 504 lower Lo 1OUL nigher than its baseline value. 1he change in
unit cost is shown in cach colum for the particular variable. Yor
eacti column, ouly that variable is ctuanged; all other variables are
held at baseline values. ‘thus, the individual effect of that variable
can be seen.

TAGLE OF SENSITIVITY OF PRODUCTION COSY LU VARIABLE CHARGES

h Variable Iten

bav, v

brom ./  Reject Run  kqguip. Tool Raw Mat. Labor Overhead
sase  Year  Rate  bize Cost Cost Cost Rate — Rate

-5U Y497 Y.425 0 9.91h Y.434 5.145 Y.327 9.367 &.91Y
-0 Y.3hE T 9.4406  Y.497  v.a4] B3.410 Y.3061 9.393 9.035
- 30 Y.258 9.467  9.4Y97 9.460 8.686 9.395 9.419  9.150
-2U 9,184 Y489 Y.4y7 Y.472 8,950 Y.42Y9 Y.44b Y. Zob
-10- 9,120 Y.510  9.497 Y.485 9.227 9.463 9.471  9.381
U 9.4497  Y.531  v.ay/l 9.497 9.497 Y.497 9.497  v.497
10 Y421 Y.553 0 9079 Y.510 Y.767 Y.531 9.523  9.013
2U Y.3bs YOI 9.079 Yln2e 1UL03b 9.565 Y. 549 Y.74s
30 Y304 90595 Y.079  Y.535  10.308 Y.599 9.575  9.844
40 .00 Y.Zus 9.0l .07 Y547 UL LYY Y.033 Y.oul v.90uU
By Y218 Y38 9079 (9.560 0 LULBAY  9.067 Y.627 10.U75
(U VIR § 17 N % 1 RN VY L R A Y VA S S S 1 9.7ul 9,653 10.19l
70 9.153 Y0680 9.079 - 9.585 11.3%0 Y.735 Y.079 1u.307
BU Y. 120 9,702 Y079 Y.OY7 0 Lilobu Y.70Y Y.705 10.422
Y0 Y. lul 9,725 - 9.079 9.610  11.930 9.803 9.731 10.5338
luu Y206 9004 YuulYd Y.022 0 12020l 9.837 9757 10.654




Compaction
Sintering
Forging

These times are for yearly production of 1000 parts.

TABLE C-1. (Continued)

PRODUCTION TIMES

0.365 days
0.365 days
0.365 days
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TABLE C-2. Production Costs for Powder Forging of M-2 Powder
Take-Off Gear. (II): Laboratory Production.

Sunmary of Input Data

Annual Interest Rate =  15%

Weeks worked per year: 48 Days worked per week: 5
Yearly production of 1,000 parts

will be produced in runs of 1,000 parts

with a rejection rate of 5%.

Production Times and Labor Costs No
OPERATION Rate. pcs./min. Men Labor Charge/Year
Compaction N 1 $1,575.000
Sintering B 1 $1,575.000
Forging .05 2 $6,650.000
Inspection 1 0 $0.000
Set-Up Compaction 1 $76.000

Set-Up Forging 2 $152.000

Total Labor Cost per Yearly Production = $10,028.000

Overhead Burden for Production Operations

OPERATION BURDEN_ %

Compaction 450 $ 7,087.500
Sintering , 400 $ 6,300.000
Forging 450 $29,925.000
Inspection 0 $ 0.000
Set-Up Compaction 450 $ 342.000
Set-Up Forging 450 $ 684,000

Total Overhead Cost per year = $44,338.500

C-9




TABLE C-2. Production Costs for Powder Forging of M-2 Powder
Take-0ff Gear. (II): Laboratory Production.
(Continued) .

Cost of Non-Machinery Items

Building Cost is 0 and life is 1 year.
Office Cost is 0 and 1ife is 1 year.

Total Facilities Cost per Lot = $0.000

Cost of Machinery

MACHINE COST LIFE (yrs.)
Compaction Press * $350,000 15
Sintering Furnace $125,000 12
Forging Press $650,000 15
Total Machinery Cost per year = $10,030.470

Tool Item Cost Life (pcs.)
Compaction Die Set $7,500 100,000
Forging Die Set $7,500 . 3,000
Total Tooling Cost per Lot = $2,703.750

Raw Material Requirements and Cost
Raw Material Wt. per Part Cost per Lb. Cost per Part

Preblended 4600 Powder .66 .49 .3234
Total Raw Materials Cost per Lot = $339.570

Finishing Costs per 1 Parts

OPERATION ! LABOR COST BURDEN

Normalizing .45 2.03

Carburize/Temper 1 4.5

Ream Bore 1.58 7.125
* Grind Teeth 10 45

Cc-10
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TABLE C-2 (Continued)
© SURMARY OF PRODUCITON COSTS PEK PaKl

Total Number of Parts

= 1,000 in lots of 1,000V parts.
hon~tacuinery Cost per tart = U000
Machinery Cost per Part = 10.U3U
Raw Haterials Cost per Part = U.340
Tooling Cost per part = 2,704
Inspection Cost per part = U000
Labor Cost per part = 9.800
Set-Up Costs per part = U228

Overhead Costs per part = 44,339
Finishing Costs per part = 71.685
Cost of Purchased Parcs = 0.000

Production Cost per rart =  §139.125

e table below is a cowpllation of production costs on a per part
basis tnat shows the effect of the listed variable values on part
cost. kach of the eight listed variables has had its value varied
from YU% lower to W% higher than its baseline value. The ctanges in
unit cost is shown in each column for the particular variable. For

S each coluim, only that variable is changed; all other variables are

held at baseline values. Thus, the individual effect of that variable
can be seen,

TABLE, UF SENSITIVITY O £OUUCTION CUST 1O VARIABLE CHANGES
b Variable ltem
Dev. ,
from No./ Reject Run  Equip. Tool Raw Mat. Labor Uverhead
Base  Year Rate Size Cost Cost Cost Kate Rate .

=50 139.125 137.575 139.752 134,110 137.773 138.956 134.111 116.956
=40 130,910 137,695 139,125 135,113 138,044 138,969 135.114 121.390
=30 138.767 135.2160 139.125 130.116 138.314 139.023 136.117 125.824
-0 136,055 138,530 139.125 137.119 138,585 139.057 137.120 130.258
-10 138.508 138.856 139.125 138.122 138.855 139.091 138.123 134,091
U Lsv.l2o 1390177 139,145 139,125 139.125 139.125 139.125 139.125
10 139.011 139.497 138,498 140.128 139.396 139.159 140.128 143.559
U 138.910 139,517 138.498 141.131 139.006 139.193 141,131 147.993
S0 138,836 140.138 138.490 142.134 139.936 139.227 142.134 152.427
du 136,707 140,450 138,498 143.137 140.207 139.201 143.136 150.b01
50 136.707 140,778 138.496 144.141 140.477 139,295 139.139 161.295
LU 133,005 141,098 158,498 ladb.laa 140,748 139.349 145.1a2 105,728
70 138.009 141,419 138.498 140.147 141,016 139.363 146,145 170.162
U 130,008 141,739 135,496 147.150 141,205 13Y.397 147.146 174.5%6
90 136.531 142.059 138.498 148.153 141,559 139.431 148.150 179.030
1w 136,612 142,360 130,496 149.150 141.829 139.405 149,153 183,404

C=11




Compaction
Sintering

Forging

These times are for yearly production of 1,000 parts.

TABLE C-2. (Continued)
PRODUCTION TIMES

21.875 days

21.875 days
43,750 days
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TABLE C-3. Production Costs for Powdér Forging of AGT 1500
No. 6 Accessory Gear: (I) Automated Production.

Summary of Input Data

Annual Interest Rate = 15% ‘

Weeks worked per year: 48 Days worked per week: 5
Yearly production of 1,000 parts

will be produced in runs of 1,000 parts

with a rejection rate of 5%.

Production Times and Labor Costs No
OPERATION Rate. pcs./min. Men Labor Charge/Year
Compaction 6 1 $26.250
Sintering 6 1 $26.250
Forging : 6 2 $52.500
Inspection 1 0 $ 0.000
Set-Up Compaction 1 $72.000
Set-Up Forging 1 $72.000

Total Labor Cost per Yearly Production = $249.000

Overhead Burden for Production Operations

OPERATION BURDEN %

Compaction 450 $118.125
Sintering 400 $105.000
Forging 450 . $236.250
Inspection 0 - +$ 0.000
Set-Up Compaction 450 $324.000
Set-Up Forging 450 $324.000

Total Overhead Cost per Year = $1,107.375 o
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" TABLE C-3. Production Costs for Powder Forging of AGT 1500

No. 6 Accessory Gear: (I) Automated Production.
(Continued)

Cost of Non-Machinery Items

Building Cost is 0 and 1ife is 1 year.
Office Cost is 0 and life is 1 year.

Total Facilities Cost per Lot = $0.000

Cost of Machinery :
MACHINE COST LIFE (yrs.)

Compaction Press $350,000 15
Sintering Furnace * $125,000 12
Forging Press $650,000 15

Total Machinery Cost per year =  $125,38]

Tooling Requirements and Cost

Tool Item Cost Life (pcs.)
Compaction Tooling $7,500 100,000
Forging Tooling $7,500 3,000

Total Tooling Cost per Lot = $2,703.750

Raw Material Requirements and Cost
Raw Material Wt. per Part Cost per Lb. .Cost per Part:

Preblended 4640
Steel Powder 3.15 .49 1.5435

Total Raw Materials Cost per Lot = $1,620.675
Finishing Costs per 1 Parts

OPERATION LABOR COST BURDEN
Normalize | .35
Harden .3 1.
Ream Bore .2 5
Face Part 1. 4.
Grind Teeth _10. 40.

-_a




TablLE C-3 (Contirued)
SURFARY OF PRODUCLLION CUSTS PEk PAKT

Total Number of Parts

= 1,00 in lots of 1,000 parts.
Non-pachinery Cost per bart = U.UUU
' rachinery Cost per Part = 0.125
Raw materials Cost per Part = 1,621
Tooling Cost per Part = 2,704 '
Inspection Cost per Part = U.uW
Labor Cost per Part = 0.105
Set-Up Costs per Part = U.144
Overtead Costs per Part = 1.107
Finishing Costs per Parc = 57.450
Cost of Purchased Parts = 0.000
bProduction Cost per bart = 5b3.250

ihe table below is a compilation of production costs on a per part
basis that suows the effect of the listed variable values on part
cost. Each of the eight listed variables has had its values varied
trom 5Uk lower to 1wk bigher than its baseline value. The change in
unit cost is shown in each column for the particular variable. For
eachi colunn, only that variable is changed; all other variables are
held at baseline values. Tihws, the individual effect of that variable
can be seen.

TAbLE OF SENSITIVILY OF PRODUCTIUN QUSY 10 VARIABLE CHANGES
X Variable Item
Dav,
From M./ Keject  Kun bquip. Tool  Raw Mat. Labor OUverhead
Base Year Rate Size Cost  Cost Cost Rate Rate

-5 63,256 63.153 63.652 63,193 61.904 62.4406 63.132 062.702
“4U 03.124 U3.10U ©3.450 03.200 02.175 62.608 03.157 0z.513
-3u 63,030 63.207 063.250 63.21Y  62.445 62.770 63.181 62.924
-2u 02,959 03.234 U3.250 63.231 02,715 62.932 ©3.206 63.035
-10 62.904 63.201 03.2506 63.244 62.986 63.094 ©63.231 63.145

U 03.250 63,289 0©3.256 03.250 03.256 03.256 03.256 063.230
v 63.184 63.31b 02.800 63.209 63.527 63.418 ©63.281 63.367
20 03.124 03.343 ©2.86U0 03.2081 63.797 63.530 03.306 63.475
30 03.U73 03.370 02.860 63.294 64.067 63.742 63.331 63.588
4 05.U3U 03.0597 02.800 03.3U0 04.3356 03.904 03.356 063.69Y
5 02,992 b3.424 62,860 03.319 o4.605 64.U67 63.381 63.810
Hu 02.959 03.45] 0Z.66U0 03.331 04.875 04.229 03.406 063.921
70 62,930 63.478 02.500 63.344 65.149% 64.391 63.430 64.031
ol 02.904 03.500 02.80U0 03.356 05.4l9 64.553 63.455 64.142
YU 02.881 63.533 62.800 63.36% 065.690 64.715 63.480 64.253
1ov 063.008 03.50U 02.80U 03.352 05.90U o4.677 13.505 ui4.304
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TABLE C-3. (Continued)
PRODUCTION TIMES

‘

Compaction 0.365 days
Sintering 0.365 days
Forging 0.365 days

These times are for yearly production of 1}000 parts.




